An organism belonging to Pseudomonadaceae and capable of utilizing 3-hydroxy-3-methylglutarate as sole carbon source has been isolated from soil. Whole-cell preparations catalyze the oxidation of acetoacetate, acetate, glyoxylate, and citric acid cycle intermediates. Cell-free extracts of 3-hydroxy-3-methylglutarate-grown cells show an adenosine triphosphate, coenzyme A (CoA), and Mg2+-dependent conversion of 3-hydroxy-3-methylglutarate to 3-hydroxy-3-methylglutaryl-CoA. Succinyl-CoA-generating system has no effect on the activation and catabolism of 3-hydroxy-3-methylglutarate.
Dekker et al. (8) first showed the formation of 3-hydroxy-3-methylglutaric acid by enzymatic cleavage of 3-hydroxy-3-methylglutaryl-coenzyme A (CoA) in mammals. Siddiqi and Rodwell (22) demonstrated a similar mechanism in bacterial system. On the basis of results obtained by various workers, it was concluded that deacylation of 3-hydroxy-3-methylglutaryl-CoA to 3-hydroxy-3-methylglutaric acid led to a metabolic "dead end" (4). Burch et al. (4) showed that 3-hydroxy-3-methylgluitarate was not metabolically inert and could be actively metabolized by rat kidney mitochondria through the succinyl-CoA transferase reaction. To the best of our knowledge nothing is known about the metabolism of 3-hydroxy-3-methylglutarate in bacterial systems.
This paper (taken in part from a Ph.D. thesis
[N. Ahmad], Aligarh Muslim University, Aligarh, India, 1968) describes the isolation of a soil bacterium capable of utilizing 3-hydroxy-3-methylglutarate as sole carbon source. An attempt has also been made to delineate the microbial pathway for catabolism of 3-hydroxy-3-methylglutarate. In contrast to mammalian system, the formation of 3- hydroxy-3-methylglutaryl-CoA in bacterial systems involved a thiokinase reaction instead of succinyl-CoA transferase. 3-Hydroxy-3-methylglutaric anhydride (mp 101-102 C, uncorrected) was synthesized by the method of Hilz et al. (15) , and 3-hydroxy-3-methylglutarate and acetate hydroxamates were prepared and estimated by general procedure of Lipmann and Tuttle (16) . DL-3-Hydroxy-3-methylglutaryl-CoA was prepared from the anhydride and CoA (18) and estimated by the alkaline hydroxylamine procedure of Durr and Rudney (9) . Acetoacetic acid was prepared from ethylacetoacetate (21) . Its purity was evaluated manometrically by decomposing acetoacetate into acetone and carbon dioxide (26) and by molar absorbancy of N,N-bis (p-nitrophenyl)-C-acetylformazan, a coupling product formed from acetoacetate and p-nitrobenzenediazohydroxide (27) . Sodium glyoxylate and salt-free hydroxylamine were prepared as described by Olson (20) and Beinert et al. (2) , respectively.
Paper chromatography was done by descending development. Free and acyl thiols were detected by the use of nitroprusside as described by Stadtman (25) .
Bacteriological medium. Basal medium had the following composition: K2HPO4, 115 mg; NH4NO8, 100 mg; KH2PO4, 63 mg; MgSO4*7H,O, 4.0 mg; NaCl, 0.7 mg; FeSO4 7H2O, 0.2 mg; MnSO4 4H2O, 0.2 mg; water, 100 ml. The final pH was 7.0. Cell concentrations were measured turbidimetrically in a KlettSummerson photometer with a no. 54 (green) filter. Klett units were converted to bacterial density (milligrams, dry weight, per liter) by use of a standard curve prepared from a salt-free suspension of cells of known dry weight.
Isolation and cultivation of organisms capable of growth on 3-hydroxy-3-methylglutarate as sole 3-HYDROXY-3-METHYLGLUTARIC ACID METABOLISM organic nutrient. Six pure cultures were isolated from local soil by stationary elective culture at 30 C by the use of basal medium supplemented with 0.1% 3-hydroxy-3-methylglutarate, pH 7.0. A fast growing, pure culture (HMG strain) was selected for the studies. The organism was identified by standard bacteriological methods (6) . The culture was maintained and transferred bimonthly on nutrient agar slants.
For metabolic studies, the culture was transferred from the nutrient agar slants to the basal medium containing 0.1% 3-hydroxy-3-methylglutarate and was shaken at 30 C. The cells were harvested from cultures in exponential phase (18-20 h ) by centrifugation at 4 C, washed, centrifuged, and suspended in cold basal medium to give desired cell concentrations.
Cell-free extracts. Cells grown on 0.1% 3-hydroxy-3-methylglutarate were harvested by centrifugation, washed, centrifuged, and suspended in cold 0.1 M Tris-chloride (pH 7.0) to give 80 to 100 mg of cells per ml (dry weight equivalent). It was mixed with fine, glass powder to make a thick paste, ground in a chilled mortar for 5 min, and centrifuged (13,000 x g; 20 min) at 4 C.
Chemical determinations. Glyoxylic acid was estimated by the method of Friedemann and Haugen (12) . For determination of acetoacetic acid by the method of Walker (27) , samples were deproteinized either with trichloroacetic acid or with metaphosphoric acid and were adjusted to pH 5.0 with 1 M sodium acetate buffer prior to analysis. CoA was estimated by the method of Grunert and Phillips (13) . For pyrophosphate, adenosine was removed from the trichloroacetic acid filtrate by adsorption on Norit A charcoal (7) and was estimated as phosphate (11) after hydrolysis of supernatant fluid by 1 M HCl (12 min, 100 C). Citrate was determined by the method of Ettinger et al. (10) .
Manometric experiments were conducted at 30 C (pH 7.0) in a volume of 2.0 ml in 15-ml Warburg vessels shaken at 105 strokes per min. The CO2 evolution and concurrent oxygen utilization were followed by the direct method of Warburg (26) .
RESULTS
Characteristics of the organism. The organism is a gram-negative, motile rod measuring 0.5 by 1 to 1.5 Am and has the general characteristics of Pseudomonadaceae. (A culture of this organism has been deposited at the National Collection of Industrial Micro-organisms, National Chemical Laboratories, Poona-8, India.) Several compounds were tested as sole organic nutrients for growth in the hope of shedding light on the pathway of 3-hydroxy-3-methylglutarate dissimilation. Rapid growth was observed when 3-hydroxy-3-methylglutarate, mevalonate, glyoxylate, leucine, tyrosine, phenylalanine, acetate, citrate, DL-isocitrate, a-oxoglutarate, succinate, fumarate, L-malate, or oxalacetate was used as the sole source of carbon, whereas glucose, pyruvate, catechol, p-hydroxy-benzoate, benzoate, or isovalerate did not support growth.
Oxidation of 3-hydroxy-3-methylglutarate and related compounds by whole cell suspensions. The ability of washed cells grown on 0.1% 3-hydroxy-3-methylglutarate to oxidize mevalonate, acetoacetate, acetate, glucose, pyruvate, glyoxylate, and citric acid cycle intermediates was manometrically tested. Each of the compounds, except glucose and pyruvate, was oxidized. A lag was observed in the oxidation of mevalonate and citrate (Fig. 1) .
A lag was observed in the oxidation of 3-hydroxy-3-methyglutarate by mevalonate-or acetate-grown cells (Fig. 2 ). This lag was absent if mevalonate or acetate medium was supplemented with 0.01% 3-hydroxy-3-methylglutarate. The cells grown on citrate and nutrient broth showed a similar lag in the oxidation of 3-hydroxy-3-methylglutarate which also disappeared on supplementing the growth medium with 0.01% 3-hydroxy-3-methylglutarate. Thus, the enzyme(s) of 3-hydroxy-3-methylglutarate catabolism appears to be inducible in presence of 3-hydroxy-3-methylglutarate. Conversion of 3-hydroxy-3-methylglutarate to 3-hydroxy-3-methylglutaryl-CoA and acetoacetate. That the cell-free extracts of 3-hydroxy-3-methylglutarate-grown cells catalyze the conversion of 3-hydroxy-3-methylglutarate to 3-hydroxy-3-methylglutaryl-CoA in presence of ATP, CoA, and Mg2+ was shown both by chemical analysis (Table 1) and by isolation of 3-hydroxy-3-methylglutarate hydroxamate. Paper chromatography of the hydroxamates in n-butanol-acetic acid-water (40: 10: 50, vol/vol) followed by FeCl3 spray revealed two spots corresponding to the authentic 3-hydroxy-3-methylglutarate hydroxamate. The spectrum of the unknown hydroxamateFe3+ complex in water had an absorption maximum at 500 nm which was identical to that of authentic 3-hydroxy-3-methylglutarate hydroxamate-Fe3+ complex.
In absence of hydroxylamine, the conversion of 3-hydroxy-3-methylglutarate to acetoacetate is also dependent on ATP, Mg2+, and CoA (Ta- ble 2). These findings suggested that a thiokinase system is required for 3-hydroxy-3-methylglutarate activation. During the ATP-, CoA-, and Mg2+-dependent conversion of 3-hydroxy-3-methylglutarate to acetoacetate, pyrophosphate was detected in the reaction mixture as hydrolyzed phosphate values were much higher than the unhydrolyzed ones (Table  3) . It may, therefore, be concluded that for the conversion of 3-hydroxy-3-methylglutarate to 3-hydroxy-3-methylglutaryl-CoA, ATP is cleaved to adenosine-5'-monophosphate and pyrophosphate. Burch et al. (4) have demonstrated succinyl-CoA transferase reaction in the mammalian system for the conversion of 3-hydroxy-3-methylglutarate to 3-hydroxy-3-methylglutaryl-CoA. Although under the assay conditions (Table 4) , hydroxamate formation in absence of 3-hydroxy-3-methylglutarate indicates the presence of succinyl-CoA generating system, it may not be responsible for the conversion of 3-hydroxy-3-methylglutarate to 3-hydroxy-3-methylglutaryl-CoA since acetoacetate is formed even in the absence of succinate.
Enzyme activities present in cell-free extracts. Cell-free extracts of 3-hydroxy-3-methylglutarate-grown cells were tested for the presence of other enzymatic activities. Citrate synthase (EC 4.1.3.7) activity was detected as described by Ochoa et al. (19) . Under the assay conditions, incubation of cell-free extract equiv- Isocitrate lyase (EC 4.1.3.1) was assayed as described by Smith and Gunsalus (24) by incubating cell-free extract equivalent to 1.3 mg of protein with 6.0 lumol of DL-isocitrate. There was a net formation of 2.7 ,mol of glyoxylate.
DISCUSSION
The pathway proposed for catabolism of 3-hydroxy-3-methylglutarate in HMG strain is given in Fig. 3 .
Oxidation of acetoacetate, acetate, glyoxylate, and various intermediates of citric acid cycle by 3-hydroxy-3-methylglutarate-grown cells suggested the involvement of citric acid cycle and glyoxylate by-pass during 3-hydroxy-3-methylglutarate oxidation. The lag followed by a rapid oxidation of citrate may be due to some induced alterations in the transporting system across the cell wall. The lag in mevalonate oxidation by 3-hydroxy-3-methylglutarate-grown cells may be due to an initial sluggishness for the induction of mevalonate: nicotinamide adenine dinucleotide (NAD) oxidoreductase, or mevaldate: NAD oxidoreduc- tase system, or both. Lag for 3-hydroxy-3-methylglutarate oxidation by mevalonate-grown cells is expected in view of the fact that 3-hydroxy-3-methylglutaryl-CoA, and not 3-hydroxy-3-methylglutarate, is a normal metabolite for mevalonate-grown cells (22) . It appears that once the 3-hydroxy-3-methylglutarate activation to 3-hydroxy-3-methylglutaryl-CoA was induced in the mevalonate-grown cells, they oxidized 3-hydroxy-3-methylglutarate as a normal metabolite.
Prior to its catabolism, 3-hydroxy-3-methylglutarate is activated to 3-hydroxy-3-methylglutaryl-CoA. This may be either through (i) succinyl-CoA transferase system as shown in rat kidney mitochondria (4) or through (ii) a kinase reaction. The activation of the former type requires succinyl-CoA-generating system, whereas the latter system would require an obligatory involvement of ATP, CoA, and Mg2+. For bacterial systems, we propose a kinase reaction for 3-hydroxy-3-methylglutarate activation in the light of the following observations. (i) In the absence of ATP, CoA, and Mg2+, the formation of 3-hydroxy-3-methylglutarate hydroxamate (Table 1 ) and acetoacetate (Table 2) is significantly decreased. The formation of pyrophosphate from ATP (Table 3) indicated the involvement of ATP for 3-hydroxy-3-methylglutarate activation. To our knowledge this is a first report of 3-hydroxy-3-methylglutaryl-CoA ligase activity in the biological system.
(ii) In contrast to the observations of Burch et al. (4) , succinyl-CoA transferase is not involved in the conversion of 3-hydroxy-3-methylglutarate to 3-hydroxy-3-methylglutaryl-CoA because the catabolism of the former to acetoacetate was not influenced in the absence of succinate (Table 4) .
3-Hydroxy-3-methylglutaryl-CoA formed from 3-hydroxy-3-methylglutarate would be cleaved by 3-hydroxy-3-methylglutaryl-CoA lyase to acetoacetate, and acetyl-CoA which would be further metabolized through citric acid cycle and glyoxylate bypass.
The organism thus may be considered to operate on "two-carbon economy".
